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SUMMARY 

Annealing o f  GaP doped SiGe w i l l  s i g n i f i c a n t l y  a l t e r  t he  thermoe lec t r i c  
p roper t i es  o f  the  ma te r ia l  r e s u l t i n g  i n  increased performance as measured by 
the  f i g u r e  o f  mer i t ,  Z, and the  power fac to r ,  P. The mic ros t ruc tures  and cor-  
responding thermoe lec t r i c  p roper t i es  a f t e r  anneal ing i n  the  1100 t o  1300 O C  

temperature range have been examined t o  c o r r e l a t e  performance improvement w i t h  
anneal ing h i s t o r y .  The f i g u r e  o f  m e r i t  and power f a c t o r  were both improved by 
homogenizing the  ma te r ia l  and l i m i t i n g  the  amount o f  cross-doping. Annealing 
a t  1215 "C f o r  100 h r  resu l ted  i n  the  best  combination o f  thermoe lec t r i c  prop- 
e r t i e s  w i t h  a r e s u l t a n t  f i g u r e  o f  m e r i t  exceeding l ~ l O - ~  O C - l  and a power 
f a c t o r  o f  44 pw cm-1 "C-2  f o r  t he  temperature range o f  i n t e r e s t  f o r  space 
power: 400 t o  1000 "C. 

INTRODUCTION 

The power requirements f o r  f u t u r e  space missions a re  p ro jec ted  t o  span the  
low k i l o w a t t  t o  megawatt power range. The DOD/DOE/NASA SP-100 program i s  a 
n a t i o n a l  e f f o r t  t o  develop a fam i l y  o f  nuclear reac tor  space power systems t o  
f u l f i l l  a wide range o f  missions cover ing these power l e v e l s .  The base l ine  
space reac to r  power system technology se lected f o r  i n i t i a l  development cons is ts  
o f  a l i th ium-coo led  f a s t  reac to r  and thermoe lec t r i c  energy conversion ( r e f .  1). 

The thermal energy c a r r i e d  by the  reac tor  coo lan t  i s  converted t o  e l e c t r l -  
c a l  energy by thermoe lec t r i c  modules u t i l i z i n g  the Seebeck e f f e c t .  This p r i n -  
c i p l e  was discovered by Thomas Seebeck who noted t h a t  an emf could be produced 
by pu re l y  thermal means i n  a c i r c u i t  composed o f  two d i f f e r e n t  metals whose 
j u n c t i o n s  a re  maintained a t  d i f f e r e n t  temperatures ( r e f .  2 ) .  Th is  emf i n  the  
c i r c u i t  i s  c a l l e d  the  Seebeck vol tage, V, and a Seebeck c o e f f i c i e n t  (S )  i s  
de f ined t o  be p ropor t i ona l  t o  the Seebeck vo l tage.  
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The SP-100 thermoe lec t r i c  technology w i l l  use n- and p-type GaP doped SiGe 
semiconductors t o  c rea te  the  requ i red  c i r c u i t  w i t h  a ho t  s ide  being maintained 
a t  1000 O C  by the  reac tor  heat source w h i l e  the  c o l d  s ide  i s  he ld  near 600 O C  

through use o f  heat exchangers and r a d i a t i o n  t o  space. This temperature d i f -  
ference r e s u l t s  i n  heat f l o w  through the  t w o  branches o f  the  thermocouple: 
thus the  heat f low i s  converted t o  e l e c t r i c a l  energy which r e s u l t s  i n  cu r ren t  
f l o w  through the  t w o  legs o f  the  thermocouple. The cu r ren t  f l o w  i s  u t i l i z e d  
by a l l ow ing  i t  t o  f l o w  through an ex terna l  load. 



The e f fec t i veness  o f  t h e  thermoelect r ic  energy conversion i s  c o n t r o l l e d  
by the  Seebeck c o e f f i c i e n t  (S), e l e c t r i c a l  r e s i s t i v i t y  (p), and thermal conduc- 
t i v i t y  ( A ) .  
(n) ,  s c a t t e r i n g  f a c t o r  ( r ) ,  and e f f e c t i v e  mass o f  an e l e c t r o n  (m*), as shown I n  
equat ion (2)  ( r e f s .  3 and 4 ) ,  

The Seebeck c o e f f i c i e n t  i s  a f f e c t e d  by the  c a r r i e r  concentrat ion 

where k i s  t he  Boltzmann constant and C i s  a constant.  The s c a t t e r i n g  
f a c t o r  i s  t y p i c a l l y  0 f o r  SiGe mate r ia l s  ( r e f .  3) .  The e f f i c i e n c y  (n) o f  a 
thermoelect r ic  device i s  def ined by the  e l e c t r i c a l  output  t o  t h e  load (PL) 
and the  heat i n p u t  (q)  requi red t o  mainta in  the hot  j u n c t i o n  temperature (Th) 
as shown i n  equat ion ( 3 ) .  The e l e c t r i c a l  output  t o  the  load i s  g iven by 
equat ion ( 4 )  where I i s  t h e  c u r r e n t  and R L  i s  t he  res is tance o f  t he  load. 

Using t h e  assumptions t h a t  t he  m a t e r i a l  i s  homogeneous and S, p ,  and A a r e  
independent o f  temperature, t he  heat f l o w  a t  the hot  j u n c t i o n  i s  determined by 
th ree  e f f e c t s :  (1) a P e l t l e r  heat, 91, w i l l  be absorbed a t  the ho t  j u n c t i o n ,  
(2)  t he  hot  j u n c t i o n  w i l l  o b t a i n  a p o r t i o n  o f  t he  Joule heat, q2, generated i n  
t h e  elements, and ( 3 )  thermal conduction w i l l  t r anspor t  heat, 43, away from t h e  
ho t  j u n c t i o n .  The r e l a t i o n s h i p s  of these parameters f o r  a temperature d i f f e r -  
e n t i a l ,  AT = Th - Tc, app l i ed  across two semiconductor elements, a and b, are:  

, 
Q1 = -S ab I Th ( 5 )  

where A i s  the cross-sect ional  area of element b when element a has u n i t  

i n p u t  requi red t o  mainta in  t h e  ho t  j u n c t i o n  temperature i s  g iven by a heat 
balance around the  hot  j u n c t i o n  as shown i n  equat ion ( 9 ) .  

I c ross-sect ional  area and L i s  t he  l eng th  o f  each element. The t o t a l  heat 

Using equations (3 )  t o  ( 9 )  and maximizing the  two parameters A and R L ,  the 
e f f i c i e n c y  o f  a thermoelect r ic  device i s  g iven by equat ion (10).  
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Th 1s the  ho t  j u n c t i o n  temperature and Tc 1 s  the  co ld  j u n c t i o n  temperature 
and T i s  the  a r i t h m e t i c a l  mean temperature. The e f f i c i e n c y  o f  the  dev ice i s  
t he re fo re  l i m i t e d  by the  Carnot e f f i c i e n c y  (AT/Th) and depends on the  ma te r ia l  
parameters on ly  through the  combination 2,  c a l l e d  the  f i g u r e  o f  m e r i t  
( r e f .  3) .  These equations r e f e r  t o  a couple; however, a f i g u r e  o f  m e r i t  f o r  a 
s i n g l e  ma te r ia l  can be def ined by equat ion (14 ) .  

The power f a c t o r  ( P ) ,  def ined by equat ion (15) ,  i s  a l s o  used t o  measure the 
performance o f  a thermoe lec t r i c  device; however, the  e f f e c t  o f  t he  thermal 
c o n d u c t i v i t y  i s  n o t  taken i n t o  account. 

S2 P = -  
P 

From the  v iewpoint  o f  a space power systems app l i ca t i on ,  i t  i s  des i rab le  t o  
minimize system mass. 
thermoe lec t r i c  f i g u r e  o f  mer i t ,  Z. Ea r l y  research work on l1standardl1 S1Ge per-  
formed by Abeles and coworkers ( r e f .  5 )  I n  the 1960's resu l ted  i n  a Z value 
o f  0 .85~10-3 K - l ;  however, subsequent research performed by Pisharody ( r e f .  6) 
i n d i c a t e d  t h a t  doping w i t h  GaP decreases the thermal c o n d u c t i v i t y  o f  SiGe. 
Unfor tunate ly ,  the  e l e c t r i c a l  r e s i s t i v i t y  a l s o  increased and the re fo re  the  ne t  
ga in  i n  the  f i g u r e  o f  m e r i t  was smal l .  Raag ( r e f .  7 )  observed t h a t  anneal ing 
the  GaP doped S iGe  lowered the  e l e c t r i c a l  r e s i s t i v i t y ,  bu t  t he  samples were n o t  
f u l l y  character ized.  

This goal can genera l l y  be achieved by maximizing the 

The i n v e s t i g a t i o n  repor ted he re in  was i n i t i a t e d  t o  determine the  e f f e c t  
o f  anneal ing on the  m ic ros t ruc tu re  and thermoe lec t r i c  p roper t i es  o f  GaP doped 
SiGe. 
character ized us ing a scanning e l e c t r o n  microscope (SEM) w i t h  at tached energy 
d i spe rs i ve  spectrometer. The thermoe lec t r i c  p roper t i es  were measured and the  
v a r i a t i o n  i n  m ic ros t ruc tu re  was co r re la ted  t o  the  observed changes i n  the  
thermoe lec t r i c  p roper t ies .  

The temperature and t ime o f  anneal ing was var ied  and the  m ic ros t ruc tu re  
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MATERIALS AND EXPERIMENTAL PROCEDURES 

The GaP doped SiGe mate r ia l  used was manufactured by Thermo E lec t ron  
Corporat ion and has a compositlon, i n  atomic percent', o f  78.4 S i ,  19.6 Ge, and 
2.0 Gap. The manufactur ing process consis ted o f  ho t  press ing pure S i  and Ge 
powders, -325 mesh, a t  193 MPa f o r  2 h r  i n  the  temperature range o f  1150 t o  
1175 O C .  The samples were pulver ized,  -325 mesh GaP powder added, and ho t  
pressed again us ing  the  same parameters. The second press ing increased the  
homogeneity o f  the  samples. The samples were annealed i n  a i r  f o r  a v a r i e t y  o f  
temperatures and times as l i s t e d  i n  t a b l e  I .  Unfor tunate ly ,  the  anneal ing tem- 
pera ture  was no t  adequately c o n t r o l l e d  i n  a l l  cases so t h a t  the  temperatures 
l i s t e d  w i t h  l i m i t e d  c e r t a i n t y  were est imated by assessment o f  t he  g r a i n  s ize,  
amount o f  p i t t i n g ,  and mic ros t ruc ture .  

The samples were po l i shed us ing  0.5 pm diamond as the  f i n a l  p o l i s h i n g  
agent. Unetched samples were examined i n  a SEM us ing a backscattered e l e c t r o n  
de tec tor  (BSE) t o  charac ter ize  the  general s t ruc tu re ,  a x-ray energy d i spe rs i ve  
spectrometer t o  semi -quant i ta t i ve ly  measure the compositions, and a wavelength 
d i spe rs i ve  spectrometer t o  de tec t  the  presence o f  oxygen. A f t e r  t he  SEM analy-  
s i s ,  t he  samples were etched w i t h  30 m l  o f  "03, 10 m l  o f  HF, and 10 m l  o f  
H20 t o  reveal  t h e i r  g r a i n  s t ruc tu re .  

The thermoe lec t r i c  p roper t i es  o f  the  GaP doped SiGe were measured by the  
Thermal Power Conversion Group of the Je t  Propuls ion Laboratory. The Seebeck 
c o e f f i c i e n t ,  e l e c t r i c a l  r e s i s t i v i t y ,  and thermal d i f f u s i v i t y  were measured up 
t o  1000 O C  i n  e x i s t i n g  apparatus a t  JPL ( r e f s .  8 and 9 ) .  The thermal conduc- 
t i v i t y  could no t  be d i r e c t l y  determined, ins tead i t  was ca lcu la ted  f rom 
equat ion (16), 

h = a C p p  (16) 

where a i s  the  thermal d i f f u s i v i t y ,  Cp i s  t he  s p e c i f i c  heat, and p i s  
the  dens i t y  o f  the  ma te r ia l .  The d i f f u s i v i t y  apparatus requi red 1.27-cm diam- 
e t e r  d isks ;  however, t he  l i f e  t e s t s  ( t h e  r e s u l t s  o f  which are n o t  inc luded i n  
t h i s  r e p o r t )  requ i red  smal ler ,  rod shaped mate r ia l .  Four rods could be 
obtained from each ho t  pressed compact on ly  th ree  o f  which were needed f o r  l i f e  
tes ts .  To minimize the  expense o f  t h i s  i n v e s t i g a t i o n ,  the  f o u r t h  rod was used 
f o r  the  anneal ing study. The thermal c o n d u c t i v i t y  could the re fo re  n o t  be meas- 
ured on several  o f  t he  samples. The thermal d i f f u s i v i t y  was measured on Sam- 
p les  T114a and T120 which were annealed w i t h  the same schedule as T l l l  and T118 
and the re fo re  were used t o  c a l c u l a t e  the thermal conduc t i v l t y  f o r  these sam- 
p les .  The thermal d i f f u s i v i t y  was a l so  measured on sample T178 a f t e r  anneal ing 
a t  1275 O C  f o r  8 h r .  

MICROSTRUCTURAL RESULTS 

The t i m e  and temperature o f  anneal ing s i g n i f i c a n t l y  a l t e r e d  the  s t r u c t u r e  
o f  GaP doped SiGe i n  terms o f  g r a i n  s ize,  chemistry,  and phases present.  The 
i n i t i a l  g r a i n  s i z e  o f  t he  ma te r ia l ,  a f t e r  a 1165 O C  anneal f o r  24 h r ,  was 6 pm 
as shown i n  t a b l e  I. While the  g r a i n  s i z e  remained 6 pm a f t e r  the  100 hr  
anneal a t  1200 O C  g iven sample T111, r a i s i n g  the  anneal ing temperature an addi-  
t i o n a l  15 O C  t o  1215 "C, f o r  sample T118, caused the  gra ins  t o  grow t o  35 pm 
a f t e r  100 h r .  The 1275 "C f o r  8 h r  anneal g iven sample T106 caused a near l y  
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t h ree - fo ld  increase i n  g r a i n  s ize.  
i n g  sample T178 a t  1275 O C  f o r  30 hr. 

A g r a i n  s i z e  o f  200 pm resu l ted  f rom hold- 

The p o r o s i t y  o f  these samples was low, on the  order  o f  0.5 percent.  
t h e r  mtc ros t ruc tu ra l  cha rac te r i za t i on  revealed t h a t  Si02 p a r t i c l e s  were pre- 
sent  i n  a l l  o f  t he  samples. While the  diameter o f  t h e  Si02 p a r t i c l e s  was 
1 pm o r  l ess  a f t e r  1165 O C  heat treatments, these p a r t i c l e s  grew a t  h igher  
temperature such t h a t  10 pm diameter p a r t i c l e s  could be seen f o l l o w i n g  1275 O C  

heat treatments. 
images as shown i n  f i g u r e  1. 

Fur- 

These Si02 p a r t i c l e s  appear as small, dark p a r t i c l e s  i n  BSE 

The i n i t i a l  anneal ing temperature o f  1165 O C  was n o t  s u f f i c i e n t  t o  homoge- 
The s i l l c o n  p a r t i c l e s  had n o t  completely n i z e  the  sample as shown i n  f i g u r e  1. 

d i f f u s e d  i n t o  the  m a t r i x  r e s u l t i n g  i n  pure s i l i c o n  areas, 10 pm i n  diameter 
spaced approximately 22 pm apar t .  GaP p a r t i c l e s ,  shown i n  f i g u r e  2, a l s o  
remained a f t e r  annealing. The anneal ing temperature was ra i sed  t o  1200 "C t o  
increase the  degree o f  homogenization and the  r e s u l t a n t  m ic ros t ruc tu re  a f t e r  
100 h r  a t  1200 "C i s  shown i n  f i g u r e  3. Although s i l i c o n  p a r t i c l e s  were s t i l l  
present,  t h e i r  separat ion d is tance had increased t o  300 pm and the  GaP p a r t i -  
c l e s  had completely d i f f u s e d  i n t o  the  ma t r i x .  Rais ing the  anneal ing tempera- 
t u r e  t o  1215 "C was s u f f i c i e n t  t o  homogenize the  sample, as shown i n  f i g u r e  4. 

Due t o  the  i n i t i a l  f a b r i c a t i o n  techniques, the  samples had inhomogeneous 
d i s t r i b u t i o n s  o f  S i ,  Ge, and Gap; thus i n c i p i e n t  m e l t i n g  occurred even a t  t he  
lowest anneal ing temperature as shown i n  f i g u r e  1. The Ga and P p a r t i t i o n e d  
i n t o  the  i n c i p i e n t  melted areas and upon cool ing,  a s i l i c o n  s o l i d  s o l u t i o n  
enr iched i n  Ge, Ga, and P p a r t i a l l y  surrounded many gra ins.  D i f f u s i o n  was suf -  
f i c i e n t  a t  1215 "C t o  s o l i d i f y  most o f  t he  i n c i p i e n t  melted areas du r ing  
anneal ing as shown i n  f i g u r e  4 f o r  sample T118. 
diagram, shown i n  f i g u r e  5 ( r e f .  l o ) ,  the  concent ra t ion  o f  S i  i n  t he  o r i g i n a l l y  
melted reg ions had t o  be a t  l e a s t  70 a t  n a t  1215 O C  t o  cause t h i s  phase 
change. 
approximately 10 pm i n  th ickness, surrounding many gra ins  as shown i n  
f i g u r e  4. 
b r i g h t  areas i n  f i g u r e  4 have a h igher  concentrat ion o f  Ge, Ga, and P. These 
areas were s t i l l  l i q u i d  when the sample was cooled from the  anneal ing 
temperature. 

According t o  the  Si-Ge phase 

Remanents o f  i n c i p i e n t  me l t i ng  a re  observed t o  be d i f f u s e  layers ,  

These laye rs  a re  s l i g h t l y  enr iched i n  Ge, Ga, and P. The very 

Increas ing  the  anneal ing temperature t o  1235 "C f o r  sample T106 increased 
the  o v e r a l l  homogeneity as the  i n c i p i e n t  melted l aye rs  had d i f f u s e d  i n t o  the  
mat r ix ;  however, the  morphology o f  the  m a t r i x  was a l t e r e d  t o  random v a r i a t i o n s  
i n  composi t ion as shown i n  f i g u r e  6. Each grey l e v e l  i n  f i g u r e  6 has a 
s l i g h t l y  d i f f e r e n t  chemical composition. I n  general ,  the  l i g h t e r  t he  Image, 
the  h igher  the  Ge, Ga, and P concent ra t ion  and the  darker the  image, the  h igher  
the  S i  concentrat ion.  The v a r i a t i o n s  i n  cornposition do n o t  always c o r r e l a t e  
w i th  the  g r a i n  s t ruc tu re .  Random v a r i a t i o n  i n  chemical d i s t r i b u t i o n  were 
observed i n  every sample annealed a t  1235 O C ,  o r  above, except f o r  one s ide  o f  
sample T l l l  annealed a t  1250 "C as shown I n  f i g u r e  7. 

Sample T l l l  was g iven a ser ies  o f  heat t reatments ( t a b l e  I) ending w i t h  
8 h r  a t  approximately 1250 " C .  The sample had a v a r i a t i o n  i n  s t r u c t u r e  f rom 
one s ide  t o  the o ther  ( f i g .  7 (b ) )  which could have been due t o  a temperature 
g rad ien t  i n  the  furnace. 
a lower anneal ing temperature had a m ic ros t ruc tu re  s i m i l a r  t o  sample T118 a f t e r  
a 1215 "C anneal ( f i g .  7 (a ) ) .  The i n c i p i e n t  melted l a y e r  surrounding the  
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gra ins  was approximately 5 pm i n  th ickness. 
as shown i n  f i g u r e  7(c),  had a h igher  concent ra t ion  o f  Ge, Ga, and P w i th  the  
s i l i c o n  concent ra t ion  lower. This s ide  o f  the  sample seems t o  have been a t  a 
h igher  temperature because the  m a t r i x  had the  random' v a r i a t i o n s  i n  chemistry 
p rev ious l y  observed i n  ma te r ia l s  annealed a t  1235 O C  o r  h igher  as shown I n  
f i g u r e  6. 

The r i g h t  s ide  o f  t h e  sample, 

Annealing a t  h igh  temperatures resu l ted  i n  the  format ion o f  a (SI,Ge)P 
phase and what appears t o  be an e u t e c t i c  o f  (SI,Ge)P and (Si,Ge)02. 
phases a re  shown i n  the  BSE image o f  sample T106 annealed a t  1275 "C f o r  8 hr 
( f i g .  ( 8 ) ) .  The two phase m ix tu re  o f  the  e u t e c t i c  i s  b e t t e r  i l l u s t r a t e d  by the  
o p t i c a l  photomicrograph shown i n  f i g u r e  9. 
were analyzed us ing  a microprobe and the  r e s u l t s  a re  g iven i n  t a b l e  11. 

These 

The compositions o f  these areas 

The e f f e c t  o f  imnediate ly  Increas ing  the  anneal ing temperature t o  1275 O C  

f o l l o w i n g  a 1200 O C  f o r  100 h r  anneal was explored us ing sample T178. 
r e s u l t i n g  m ic ros t ruc tu re  i s  shown i n  f i g u r e  10. 
e u t e c t i c  d i d  n o t  form a f t e r  t h i s  anneal ing schedule. The m ic ros t ruc tu re  was 
again a random v a r i a t i o n  i n  composition, b u t  w i th  a l a r g e r  v a r i a t i o n  i n  compo- 
s i t i o n  than observed i n  sample T106 annealed a t  1235 O C .  

The 
The (S1,Ge)P phase and the  

Sample T178 was annealed a t  1275 O C  f o r  an a d d i t i o n a l  30 h r  and the  
r e s u l t i n g  m ic ros t ruc tu re  and composi t ional  maps a re  shown i n  f i g u r e  11. This  
heat t reatment produced a s i g n i f i c a n t  amount o f  l i q u i d  phase which was expected 
based on the  temperature, composition, and phase diagram ( f i g .  5 ) .  The melted 
reg ions were enr iched i n  Ge and the  (Si,Ge)P phase formed upon cool ing.  

A wh i te  powdery phase was observed on the  surface o f  samples annealed a t  
1235 O C  o r  h igher .  
be O-Ga2O3. 
w i th  inc reas ing  t ime a t  the h igher  temperature anneals ( t a b l e  111). 
T178 a f t e r  a 1275 O C  anneal f o r  30 h r  was completely devoid o f  Ga. 

This was analyzed by x-ray d i f f r a c t i o n  and determined t o  
The concentrat ion o f  Ga i n  the  bu lk  o f  the  samples decreased 

Sample 

Ga and P enr iched p a r t i c l e s ,  approximately 2 pm i n  diameter, p r e c i p i t a t e d  
i n  the  center  o f  s i l i c o n  enr iched areas. 
the r i g h t  s ide  o f  sample T l l l  annealed a t  1250 O C  ( f i g .  7) ,  sample T106 
annealed a t  1275 O C  f o r  8 h r  ( f t g .  8 ) ,  and sample T178 annealed a t  1275 O C  f o r  
8 hr ( f i g .  10). 

These p r e c i p i t a t e s  were observed I n  

THERMOELECTRIC PROPERTY RESULTS 

The e f f e c t  o f  anneal ing on the  Seebeck c o e f f i c i e n t  i s  shown i n  f i g u r e  12. 
The Seebeck c o e f f i c i e n t  was maximized by a 1215 O C  anneal ing temperature f o r  
100 hr ,  sample T118. The 1225 "C f i n a l  anneal g iven sample T l l l  r esu l ted  i n  
the  lowest Seebeck c o e f f i c i e n t ;  however, inc reas ing  the  f i n a l  anneal ing s tep 
g iven sample T l l l  o f  1250 "C f o r  8 h r  resu l ted  i n  s i g n i f i c a n t  improvement i n  
the  Seebeck c o e f f i c i e n t .  

A low e l e c t r i c a l  r e s i s t i v i t y  i s  des i red f o r  increased performance o f  
thermoe lec t r i c  devices. The 1275 O C  f i n a l  anneal g iven sample 1106 y ie lded  the  
lowest r e s i s t i v i t y  as shown i n  f i g u r e  13. 
sample T118 a l s o  resu l ted  i n  a low e l e c t r i c a l  r e s i s t i v i t y .  The e l e c t r i c a l  

The 1215 O C  heat t reatment g iven 
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r e s i s t i v i t y  of sample T178 annealed a t  1275 O C  f o r  30 hr was very high; there-  
fo re ,  t he  Seebeck c o e f f i c i e n t  and thermal c o n d u c t i v i t y  were n o t  measured f o r  
t h i s  sample. 

The thermal c o n d u c t i v i t y  as a f u n c t i o n  o f  temperature i s  p l o t t e d  i n  
f i g u r e  14 f o r  f ou r  d i f f e r e n t  anneal ing schedules; as was the  case f o r  r e s i s t i v -  
i t y ,  a low value i s  des i rab le  f o r  h igh  performance. Sample T120-2, which was 
annealed a t  1215 "C, had the  lowest thermal c o n d u c t i v i t y  o f  t he  samples meas- 
ured. As t h i s  data was obtained on ma te r ia l  g iven the  same heat t reatment as 
sample T118, i t  could be used t o  c a l c u l a t e  the  f i g u r e  o f  m e r i t  f o r  sample T118. 
The thermal conduc t i v i t y  f o r  sample T178 annealed a t  1275 O C  f o r  8 h r  was the  
h ighes t  measured. 

The power f a c t o r  (S2/p)  i s  p l o t t e d  versus temperature i n  f i g u r e  15. 
Sample T118, annealed a t  1215 " C ,  had a l a r g e  power f a c t o r  due t o  i t s  h igh  
Seebeck c o e f f i c i e n t  and r e l a t i v e l y  low e l e c t r i c a l  r e s i s t i v i t y .  The low e lec-  
t r i c a l  r e s i s t i v i t y  o f  sample T106 annealed a t  1275 O C  a l s o  resu l ted  i n  an 
a t t r a c t i v e  power f a c t o r .  Sample T111, heat t rea ted  a t  1225 "C, had the  lowest 
power f a c t o r  due t o  i t s  poor Seebeck c o e f f i c i e n t  and e l e c t r i c a l  r e s i s t i v i t y .  

The f i g u r e  o f  mer i t ,  p l o t t e d  i n  f i g u r e  16, i s  a f u n c t i o n  o f  s, p ,  and 
A. Sample T118 had des i rab le  p roper t i es  f o r  a l l  th ree  measurements and there-  
f o r e  resu l ted  i n  a much improved f i g u r e  of m e r i t  over the "standard" SiGe meas- 
ured by Abeles ( r e f .  5 ) .  The thermal c o n d u c t i v i t y  could no t  be measured on 
sample TlO6; however, the  f i g u r e  o f  m e r i t  was est imated f o r  T106 annealed a t  
1235 O C  f rom the thermal c o n d u c t i v i t y  data o f  sample T120-1 annealed a t  
1225 O C .  

A sumnary o f  the v a r i a t i o n s  i n  S, p, A, and 2 are  shown i n  f i g u r e  1 7  
f o r  sample T l l l  annealed a t  both 1225 "C and 1250 O C .  

c o n d u c t i v i t y  was lower due t o  the  1225 O C  anneal, the  h igher  S and lower p 
a f t e r  t he  1250 "C anneal outweighed the  lower A and resu l ted  i n  a s l g n i f i -  
c a n t l y  h igher  Z f o r  the  sample annealed a t  -1250 "C. 

Although the  thermal 

DISCUSSION 

The thermoe lec t r i c  p roper t i es  o f  n- type GaP doped SiGe were improved by 
a l t e r i n g  the  anneal ing schedule; however, the reasons f o r  these improvements 
a re  n o t  completely understood. 
t u r a l  v a r i a t i o n s  w i t h  the observed changes. i n  the thermoe lec t r i c  p roper t i es  
f 01 1 ows . 

A d iscuss ion o f  the c o r r e l a t i o n  o f  m ic ros t ruc-  

L a t t i c e  thermal c o n d u c t i v i t y  i s  decreased by inc reas ing  phonon s c a t t e r i n g  
which can be produced by forming s o l i d  so lu t i ons  o f  s i l i c o n  and germanium 
( r e f .  6) .  
S i - r i c h  i s lands ,  GaP p a r t i c l e s ,  and remanents o f  i n c i p i e n t  me l t ing ,  t he  anneal- 
i n g  temperature had t o  be a t  l e a s t  1215 O C .  

resu l ted  i n  a homogeneous m ic ros t ruc tu re  w i t h  a few regions o f  i n c i p i e n t  mel t -  
ing,  f i g u r e  4. I n  t h i s  cond i t ion ,  t he  Seebeck c o e f f i c i e n t  was h igh  and the  
e l e c t r i c a l  r e s i s t i v i t y  was low. Such behavior i s  a c o n t r a d i c t i o n  o f  c l a s s i c a l  
theory which s ta tes  t h a t  the Seebeck c o e f f i c i e n t  i s  p ropor t i ona l  t o  the l o g  o f  
the  e l e c t r i c a l  r e s i s t i v i t y .  Y i m  and Rosi ( r e f .  11) have found o ther  n-type 
ma te r ia l  systems t o  have an increase i n  Seebeck c o e f f i c i e n t  a f t e r  anneal ing 

I n  order t o  completely homogenize the  GaP doped SiGe i n  terms o f  

Such heat t reatments (T118) 
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with a decrease in resistivity. They attributed this result to an increased 
cornpositional homogeneity. 

Increasing the annealing temperature to 1235 O C  for sample T106 resulted 
in a homogeneous microstructure. 
opposed to sample T118 (1215 "C) in which part of the gallium remained concen- 
trated in the remanents of incipient melting. The Seebeck coefficient was only 
moderate and the electrical resistivity was fairly high after this anneal. As 
the electrical resistivity is inversely proportional to the charge carrier con- 
centration and the carrier mobility; cross doping, in which the effective 
charge carrier concentration is decreased due to the t3 charge of Ga, could be 
the cause of the high electrical resistivity for this sample. However, the 
Seebeck coefficient, which was only moderate should have been very high for 
this sample due to the high level of homogenization. 

The gallium was completely in solution as 

The thermoelectric properties of sample Tlll annealed at approximately 
1250 O C  could not be related to the microstructure due to the variation in 
microstructure from one side of the sample to the other. 

Sample J106, which had a final anneal at 1275 O C  for 8 hr, had good 
thermoelectric properties. The gallium concentration of this sample decreased 
considerably due to the vaporization of Ga and the formation of Ga2Og on 
the surface. Glazov (ref. 12) observed that the addition of Ga increases the 
solubility limit of P in SiGe. As the Ga vaporized, the solubility of P 
decreased resulting in the formation of (S1,Ge)P and an eutectic. 
is tied up as (Si,Ge)P is not contributing to the charge carrier concentration, 
but there was still sufficient P in solution to have a high concentration of 
charge carriers. The effect of cross-doping was minimized due to the decreased 
level of gallium. The grain size of this sample had increased to 70 pm as a 
result of the annealing. This increase in grain size may also have increased 
the mobility of charge carriers due to a reduction in grain boundary scatter- 
ing. The small amount of cross-doping and the large grain size led to a low 
value for the electrical resistivity while the Seebeck coefficient was high due 
to the good level of homogenization. Unfortunately, the thermal conductivity 
could not be measured for this sample so a figure of merit could not be 
calculated. 

The P which 

Sample T178 was not step annealed to its final annealing temperature; it 
was annealed at only 1200 O C  for 100 h r  and then 1275 "C for 8 hr. This heat 
treatment was not sufficient to vaporize the gallium, therefore, the (Si,Ge)P 
phase did not form. Incomplete chemlcal homogenization resulted in a high 
electrical resistivity and a low Seebeck coefficient. Exposing the sample to 
an additional 30 hr at 1275 "C resulted in significant me'lting. The phos- 
phorous was completely tied up in (Si,Ge)P which led to a very high electrical 
resistivity. 

When low frequency phonons, which contribute substantially to the thermal 
conductivity of a material, are scattered by grain boundaries, the thermal con- 
ductivity is decreased (ref. 13). The thermal conductivity is therefore 
reduced by a fine grained material. Decreases i n  the thermal conductivity of 
thermoelectrics can also be made by homogenizing the material as noted by 
Airapetiants (ref. 14) who stated that compositional inhomogeneities caused 
circulating currents which not only lowered the Seebeck coefficient but also 
enhanced the transport of heat. 
results of this investigation where the thermal conductivity of sample T118 

These two theories were substantiated by the 
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annealed a t  1215 O C  was low due t o  i t s  homogeneity and small g r a i n  s ize .  
homogeneity o f  sample T l l l  annealed a t  1250 O C  outweighed the  e f f e c t  o f  sample 
T178's smal l  g r a i n  s i z e  r e s u l t i n g  i n  the  lower thermal c o n d u c t i v i t y  measure- 
ments f o r  sample T111. The homogeneity o f  the sample appears t o  be the  domi- 
nant f a c t o r  f o r  low thermal conduc t i v i t y .  

The 

SUMMARY 

The e f f e c t  of anneal ing on the  m ic ros t ruc tu re  and thermoe lec t r i c  proper-  

S i g n i f i c a n t  g r a i n  growth was observed f o r  samples annealed above 

t i e s  o f  GaP doped SiGe were character ized i n  t h i s  i n v e s t i g a t i o n .  
anneal was needed t o  p roper l y  d i f f u s e  the  s i l i c o n  and GaP p a r t i c l e s  i n t o  the  
ma t r i x .  
1200 "C. 
t h e  m a t r i x  and l e d  t o  the  format ion o f  (S1,Ge)P when samples were annealed a t  
1250 O C  o r  h igher .  

A 1215 O C  

The loss  o f  g a l l i u m  by vapor iza t ion  decreased the  s o l u b i l i t y  o f  P i n  

Thermoelectr ic ma te r ia l s  w i t h  h lgh  power f a c t o r s  can be obtained by 
anneal ing S iGe  doped w i t h  GaP a t  1215 O C  f o r  100 hr ,  or  step anneal ing t o  
1275 "C (sample T106). A m u l t i p l e  step heat t reatment schedule appears t o  be 
impor tant ,  as r a i s i n g  the  anneal ing temperature t o  1275 O C  a f t e r  on ly  a 1200 O C  

anneal resu l ted  i n  an inhomogeneous materi.al w i t h  poor thermoe lec t r i c  proper-  
t i e s .  The presence o f  Ga increased the  s o l u b i l i t y  l i m i t  o f  P i n  SiGe; however, 
the  concent ra t ion  o f  Ga i n  s o l u t i o n  should be l i m i t e d  t o  minimize the  amount 
o f  cross-doping. 
B-Ga203 on the  sur face o r  by concentrat ing i t  i n  the  i n c i p i e n t  melted regions. 
I n  e i t h e r  case the  amount o f  cross-doping i s  l i m i t e d .  The Seebeck c o e f f i c i e n t  
was found t o  increase w i t h  a decrease i n  e l e c t r i c a l  r e s i s t i v i t y .  Homogeneity 
o f  the  sample was the  dominant f a c t o r  f o r  low thermal c o n d u c t i v i t  . Annealing 
a t  1215 O C  f o r  100 h r  resu l ted  i n  a f i g u r e  o f  m e r i t  o f  over 1x10-8 K-1 and 
a power f a c t o r  o f  44 pw cm-1 "C-2 over the opera t ing  temperature range: 
400 t o  1000 O C .  

This l i m i t  can be achieved by vapor iz ing  the  Ga t o  form 
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TABLE I. - TIMES AND ' 

I=- 

Sample 

T106 
T106 
T178 
T178 

T114 

T106 

T l l l  

T118 

T178 

Time, Temperature, G a / S i ,  
hr O C  EDS counts 

12 1235 0.0154 
8 1275 ,0025 
8 1275 .0159 

30 1275 .m 

Temperature, 
OC 

1 100 
1165 

1165 
1200 
1207 
1235 
1275 

1165 
1200 
1225 

a1250 

1165 
a1215 

1200 
1275 
1275 

WERATURES OF ANNEALING AND RESULING GRAIN SIZE - 
T i m e ,  
hr  

24 
24 

24 
100 
12 
12 
8 

24 
100 
24 
8 

24 
100 

100 
8 

30 - 

Microstructure 
characterized 

T.E. properties 
measured 

aEstmated temperature based on microstructural examination. 

TABLE 11. - COnPOSITION OF (Si,Ge)P 
AND EUTECTIC I N  ATOnIC PERCENT 
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FIGURE 1 .  - THE MICROSTRUCTURE OF SAMPLE T l l 4  AFTER ANNEALING AT 1100 OC FOR 2 4  HR AND 
1165  OC FOR 2 4  HR. 

ARE SMALL, DARK PARTICLES; AND THE INCIPIENT MELTED AREAS ARE [HE LIGHT AREAS OUT- 
L IN ING GRAINS. 

THE SI PARTICLES ARE THE DIFFUSE DARK PARTICLES: S1D2 PARTICLES 

FIGURE 2. - GAP PARTICLES PRESENT I N  SAMPLE T114 AFTER ANNEALING AT 1100  OC FOR 2 4  HR AND 
1165  OC FOR 2 4  HR. 

ORIGINAL PAGE IS 
.OF POOR QUALITY 
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FIGURE 3. - THE MICROSTRUCTURE OF SAMPLE Tlll AS A RESULT OF ANNEALING AT 1165 OC FOR 24 H A  

AND 1200 OC FOR 100 HR. 

ORIGINAL PAGE IS 
OF POOR QUALITY 

FIGURE 4. - THE MICROSTRUCTURE OF SAMPLE 1118 AS A RESULT OF ANNEALING AT 1165 OC FOR 24 HA 

AND -1215 OC FOR 100 H A .  
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SI GE ATOMIC PERCENT SILICON 

wEit i t i r  PERCENT SILICON 

FIGURE 5. - SI-GE PHASE DIAGRAM [ l o ] .  

FIGURE 6.  - THE MICROSTRUCTURE OF SAMPLE T 1 0 6  AFTER ANNEALING AT 1165 "C FOR 2 4  HR. 1200 OC 
FOR 100 HR, 1207 OC FOR 12 HR. AND 1235 OC FOR 12 HR. 
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FIGURE 8. - MICROSTRUCTURE OF SAMPLE 7106 AFTER ANNEALING AT 1165 OC FOR 24 HR. 1200 OC FOR 
100 HR, 1207 OC FOR 12 HR. 1235 OC FOR 12 HA. AND 1275 OC FOR 8 HR. 



ORIGINAL PAGE IS 
OF POOR QUATJTY 

FIGURE 10. - MICROSTRUCTURE OF SAMPLE T178 AFTER ANNEALING AT ONLY 1200 OC FOR 100 HR AND 
1275 OC FOR 8 HR. 
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T120-2 ANNEALED AT -1215 ' C  (T118) 
-&-- T120-1 ANNEALED AT 1225 OC (1111) 
--4--- Tl14~-1 ANNEALED AT -1250 'C (7111) 
--V-- T178 ANNEALED AT 1275 ' C  FOR 8 HR 

100 200 300 400 500 600 700 800 900 1000 
TEMPERATURE, 'C 

I 

FIGURE 14. - THERRAL CONDUCTIVITY OF ANNEALED N-TYPE SIGE/GAP AS A 
FUNCTION OF TEMPERATURE. 
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FIGURE 15. - POWER FACTOR, P.  OF ANNEALED N-TYPE SIGE/GAP AS A FUNCTION 
OF TEMPERATURE. 
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